Global motion sensitivity in typically developing children depends on the spatial (Dx) and temporal (Dt) displacement parameters of the motion stimulus. Specifically, sensitivity for small Dx values matures at a later age, suggesting it may be the most vulnerable to damage by amblyopia. To explore this possibility, we compared motion coherence thresholds of children with amblyopia (7-14 years old) to age-matched controls. Three Dx values were used with two Dt values, yielding six conditions covering a range of speeds (0.3-30 deg/s). We predicted children with amblyopia would show normal coherence thresholds for the same parameters on which 5-year-olds previously demonstrated mature performance, and elevated coherence thresholds for parameters on which 5-year-olds demonstrated immaturities. Consistent with this, we found that children with amblyopia showed deficits with amblyopic eye viewing compared to controls for small and medium Dx values, regardless of Dt value. The fellow eye showed similar results at the smaller Dt. These results confirm that global motion perception in children with amblyopia is particularly deficient at the finer spatial scales that typically mature later in development. An additional implication is that carefully designed stimuli that are adequately sensitive must be used to assess global motion function in developmental disorders. Stimulus parameters for which performance matures early in life may not reveal global motion perception deficits.
Introduction
Amblyopia is a visual developmental disorder characterized by poor visual acuity in one eye that cannot be corrected immediately with glasses, with a typical onset between the ages of six months and eight years (von Noorden, 1990) . In addition to this diagnostic acuity deficit, children and adults with amblyopia show deficits in spatial vision, including contrast sensitivity (Hess & Howell, 1977; Levi & Harwerth, 1977) , Vernier acuity (Birch & Swanson, 2000; Levi & Klein, 1985) , form integration , orientation processing (Husk & Hess, 2013) , contour integration (Chandna, Pennefather, Kovacs, & Norcia, 2001 ) and static angle discrimination (Levi & Tripathy, 2006) . Amblyopia is also associated with deficits in motion perception, including motion aftereffects (Hess, Demanins, & Bex, 1997) , oscillatory movement displacement (Buckingham, Watkins, Bansal, & Bamford, 1991; Kelly & Buckingham, 1998) , motion-defined form (Giaschi, Regan, Kraft, & Hong, 1992; Hayward, Truong, Partanen, & Giaschi, 2011; Ho et al., 2005; Wang, Ho, & Giaschi, 2007) , maximum motion displacement Ho et al., 2005) and attentive motion tracking . Global motion perception has been reported to be deficient in many studies (Aaen-Stockdale & Hess, 2008; Constantinescu, Schmidt, Watson, & Hess, 2005; Hou, Pettet, & Norcia, 2008; Simmers, Ledgeway, & Hess, 2005; Simmers, Ledgeway, Hess, & McGraw, 2003; Simmers, Ledgeway, Mansouri, Hutchinson, & Hess, 2006; Thompson et al., 2011) , but relatively spared in others (Ho et al., 2005 . Here we explore this inconsistency by considering the effects of stimulus parameters with different developmental trajectories, as well as clinical factors, on global motion direction discrimination thresholds in children with amblyopia.
In the typical development of motion perception, speed-tuned maturation is observed such that children tend to reach adultlike performance for slow-speed stimuli later in life than stimuli presented at faster speeds. This has been demonstrated in a wide range of tasks including global motion (Bogfjellmo, Bex, & Falkenberg, 2014; Ellemberg et al., 2004; , motion-defined form (Hayward et al., 2011) , radial flow (Joshi & Falkenberg, 2015) , and speed discrimination (Ahmed, Lewis, Ellemberg, & Maurer, 2005; Manning, Aagten-Murphy, & Pellicano, 2012) . Hou, Gilmore, Pettet, and Norcia (2009) found visually evoked potential (VEP) responses in 4-6 month old infants were maximal to large spatial displacements, suggesting sensitivity for faster speeds matures sooner than sensitivity to slower speeds. The last-in-first-out principle of the Detroit model of development (Levi & Carkeet, 1993) proposes that for disorders that emerge after birth, such as amblyopia, aspects of visual function that mature later in development are the most vulnerable to disruption. Consistent with this model, children with developmental disorders have shown speed-tuned deficits for slow, but not fast, motion tasks (e.g., amblyopia: Hayward et al., 2011; autism: Manning, Charman, & Pellicano, 2013 ; reading difficulties: Edwards et al., 2004; Kassaliete, Lacis, Fomins, & Krumina, 2015) .
On a global motion task, however, motion coherence thresholds are not purely speed-dependent. The speed of a motion stimulus depends on a ratio of spatial and temporal displacements, that is, the distance a dot is offset between each pair of animation frames (Dx), and the duration of a single animation frame before the next is displayed (Dt). In adults, coherence thresholds vary as a function of Dx and Dt displacement components comprising a speed (Arena, Hutchinson, & Shimozaki, 2012) . Young macaques (Kiorpes & Movshon, 2004 ) and children (Meier & Giaschi, 2014) also show this effect. Moreover, depending on the spatio-temporal parameters tested, children may or may not show adult-like coherence thresholds. For example, 5-year-old children's performance is mature for larger Dx displacements regardless of Dt (Meier & Giaschi, 2014) , which means for a given speed, whether a child displays mature performance or not can depend on the Dx parameter of the motion stimulus. This suggests that critical periods in development rely on the spatial and temporal frequency content of a motion sequence and not solely on motion speed. In turn, this can clarify discrepancies in prior work that is not consistent with the idea that slow speeds take longer to mature. For example, Hadad, Maurer, and Lewis (2011) found no difference in maturational rates for fast and slow speeds, using relatively small Dx displacements to create both speeds, while Parrish, Giaschi, Boden, and Dougherty (2005) found young children showed mature performance using a slow speed stimulus with a larger Dx. This demonstrates that in addition to motion speed, the spatial displacements used to create a speed must also be taken into account when studying development.
Likewise, differences in Dx may explain why some studies have not shown global motion deficits in children with amblyopia. Studies using the Dx values used by Parrish et al. (2005) found no significant group difference in coherence thresholds between children with amblyopia and age-matched controls (Ho et al., 2005 Wang et al., 2007) . Given that young children demonstrate mature performance for this global motion stimulus, a lack of deficit in children with amblyopia is not surprising by the last-in-first-out principle. On the other hand, studies that have found elevated thresholds in both the clinically affected and fellow eyes of participants with amblyopia (e.g., Constantinescu et al., 2005; Simmers et al., 2003 Simmers et al., , 2006 have employed global motion stimuli with faster speeds. If the aspects of motion perception that typically mature early are robust to the effects of amblyopia, these apparently discrepant findings may be resolved: deficits in global motion perception may not be detected, regardless of speed, with a stimulus that is not sensitive to developmental differences.
The purpose of this study was to determine the spatio-temporal parameters at which children with amblyopia demonstrate global motion perception deficits. We selected a subset of the Dx and Dt combinations tested previously in typically-developing 5-year olds (Meier & Giaschi, 2014) , and measured motion coherence thresholds for children with amblyopia and age-matched controls.
Consistent with the last-in-first-out principle, we hypothesized that children with amblyopia would show selective deficits for parameter combinations that were found to be immature in typically-developing 5-year-olds in our prior study.
In addition to group differences, we sought to determine whether motion perception deficits in children with amblyopia were predicted by clinical factors such as etiological subtype, binocular function and depth of amblyopia. Performance thresholds in aspects of spatial vision like Vernier acuity have been shown to vary by subtype, often such that participants with strabismic amblyopia tend to perform worse than participants with anisometropic amblyopia (e.g., Levi & Klein, 1982) , regardless of age of onset (Birch & Swanson, 2000) . There is some evidence that children with anisometropic amblyopia perform poorer on global motion tasks than children with strabismic amblyopia (Ho et al., 2005 , while a study with macaques suggests greater deficits in strabismic amblyopia, particularly in the fellow eye at small values of Dx (Kiorpes, Tang, & Movshon, 2006) . Other studies have found no differences between subtypes on motion tasks (e.g., Giaschi, Chapman, Meier, Narasimhan, & Regan, 2015; Simmers et al., 2003 Simmers et al., , 2005 and motion deficits have been shown in anisometropic, strabismic, and ansio-strabismic amblyopia (e.g., Aaen-Stockdale & Hess, 2008; Simmers et al., 2006; Thompson et al., 2011) , as well as deprivation amblyopia (Constantinescu et al., 2005; Ellemberg, Lewis, Maurer, Brar, & Brent, 2002) . There is some suggestion that binocularity, rather than etiology, may be a better predictor of deficits in the amblyopic visual system (McKee, Levi, & Movshon, 2003) . Lack of binocularity or stereoacuity in participants with amblyopia has been shown to correlate with motion perception deficits (e.g., Knox, Ledgeway, & Simmers, 2013) , but it has also been shown to correlate with better global motion perception (e.g., Ho et al., 2005) , while other studies show no correlation (e.g., . Finally, motion perception deficits may be indicative of deeper or more treatmentresistant amblyopia (Giaschi et al., 1992 (Giaschi et al., , 2015 Ho et al., 2005) , so we assessed whether a relationship exists between motion deficits and amblyopic eye visual acuity, interocular visual acuity difference, and the number of months a child had undergone occlusion therapy.
Methods

Participants
Informed consent was first obtained from the parents or guardians of all children who participated in this research, followed by assent from the participants. This work was carried out in accordance with the Code of Ethics of the World Medical Association (Declaration of Helsinki).
Patient group
Children with a history of unilateral amblyopia and no developmental, cognitive, or additional visual disorders aside from strabismus were recruited from the Ophthalmology Clinic at BC Children's Hospital. Twenty-seven children participated in the study; data from one child with a developmental disorder and one child with deprivation amblyopia were discarded, and two children had attention-related difficulties with conducting the full procedure, leaving a total of 23 children with data available for analysis (M age = 10.7 years, SD = 2.3, range = 7.1-14.7).
Patient characteristics are listed in Table 1 . The initial diagnosis of amblyopia was made by an ophthalmologist based on a bestcorrected Snellen acuity of 20/30 or worse in the amblyopic eye, 20/25 or better in the fellow eye and a minimum two-line difference in Snellen acuity (equivalent to 0.2 logMAR) between the eyes. A participant was considered to have anisometropic amblyopia if their visual acuity loss was accompanied by a spherical equivalent difference between the eyes P 1 diopter or an astigmatic difference P 1.5 diopter in the absence of any ocular manifest deviation (Weakley, 2001 ). The amblyopia subtype was considered to be strabismic if it occurred in the presence of either a heterotropia at distance and/or near or a history of strabismus surgery (Pediatric Eye Diseases Investigator Group, 2003) . Anisostrabismic amblyopia was diagnosed if the participant met criteria for both anisometropic and strabismic amblyopia. Twelve of these children had anisometropic amblyopia, eight had strabismic amblyopia, and three had aniso-strabismic amblyopia. At the time of testing, most children had completed amblyopia treatment and several had normal visual acuity in the amblyopic eye; three children were still undergoing occlusion therapy.
Control group
Control children with normal or corrected-to-normal vision and no reported visual, developmental, or cognitive disorders were recruited from the community. For each child with amblyopia, data from two age-matched control children were selected for analysis. To be included in the study, control participants needed to have best-corrected monocular visual acuity scores on the Regan highcontrast letter chart (Regan, 1988) of 0.1 logMAR (minimum 1.25 arcmin resolution; equivalent to 20/25 Snellen) or better, and stereoacuity on the Randot Preschool Stereoacuity Test (Stereo Optical Co., Inc.) of 60 arcsec or better (Birch et al., 2008) . Data from a total of 46 control children were included in the analysis (M age = 10.7, SD = 2.3, range = 7.0-14.8). For an additional analysis, we compared children with amblyopia to 23 visual acuity-matched controls. These data came from control children who passed the Note: aniso = anisometropic amblyopia; strab = strabismic amblyopia; (L) = left eye amblyopic; (R) = right eye amblyopic; NM = stereoacuity not measurable at the largest disparity tested (800 arcsec); OT = occlusion therapy.
a Still undergoing occlusion therapy treatment. b Patient did not meet definition for anisometropia at time of testing but has a history of a 1.5 diopter spherical equivalent difference between the eyes. c See text Section 2.5 for details on how this measure is computed.
stereoacuity screening but did not necessarily have visual acuity better than 0.1 logMAR. Children with poor vision were typically those who had not had a recent update to their glasses prescription, or forgot to bring their glasses to the research appointment. None of these control children had a difference in visual acuity between their eyes greater than two lines.
Apparatus
Stimuli were generated using an Intel Core i7 Macintosh Macbook Pro running MATLAB R2013a (The Mathworks, Inc.) with the Psychophysics Toolbox extension version 3.0.11 (Brainard, 1997; Kleiner, Brainard, & Pelli, 2007; Pelli, 1997) . Stimuli were presented on a BenQ XL2420T LED-backlit LCD Monitor at a resolution of 1920 Â 1080 and a 60 Hz refresh rate. Participants were seated 1 m from the monitor in a dimly-lit room and responded using a Gravis Gamepad Pro.
Stimuli and experimental conditions
The stimulus used in the current study was identical to the stimulus used in our previous study (Meier & Giaschi, 2014) . It consisted of an array of 64 white dots (1 arcmin diameter, 260 cd/m 2 ) on a black (0.7 cd/m 2 ) background subtending a 7.7 Â 7.7 deg square area in the centre of the screen, resulting in a density of 1.1 dots/deg 2 in each frame (or 1.7% of area). These parameters were chosen to approximate those of Kiorpes and Movshon (2004) . Signal dots moved either to the left or to the right. A white noise algorithm was used to control the movement of dots: on each animation frame, a dot was selected to be a signal dot with a probability equal to the coherence value; the remaining dots were replotted in random locations. Two factors were crossed in the current study: Dx, the spatial displacement of the dots between each pair of animation frames; and Dt, the duration of each frame. Three values of Dx were chosen: 1 arcmin, 5 arcmin, and 30 arcmin; these are a subset of the seven total Dx parameters tested in Meier and Giaschi (2014) . Two values of Dt were tested: 17 ms and 50 ms. In the 17 ms conditions, animation frames were replaced at a refresh rate equal to the monitor (60 Hz). In the 50 ms conditions, animation frames were replaced every three monitor refreshes (20 Hz). In both conditions, each animation lasted a total of 600 ms. The combination of the three Dx and two Dt values yielded signal dot speeds of 1, 5, and 30 deg/s in the 17 ms Dt condition, and 0.3, 2, and 10 deg/s in the 50 ms Dt condition. Dot density over time was 66 dots/deg 2 /sec or 22 dots/deg 2 /sec in the Dt = 17 and 50 ms conditions, respectively.
Procedure
Participants underwent a vision assessment using the Regan high-contrast letter chart and the Randot Preschool Stereoacuity Test. Then, they were presented with instructions for playing a ''game," followed by practice trials conducted binocularly. The motion coherence thresholds used in analysis were obtained under monocular viewing conditions, for a total of 12 thresholds obtained per participant (six conditions per eye). The condition order for each child was determined using a Latin square to mitigate order and practice effects.
A two-alternative forced choice direction discrimination task was used, identical to that of the previous study (Meier & Giaschi, 2014) . On each trial, a fixation cross was presented, and the animated stimulus appeared following a gamepad button press. Following the stimulus, a question mark appeared, prompting a response with the gamepad. A correct response elicited the presentation of a cartoon character and an auditory chime; incorrect responses were accompanied by a different character and no auditory feedback.
Stimulus coherence level was controlled using a two-down, one-up staircase. The first trial of every staircase started at a 100% stimulus coherence level. The coherence level of subsequent trials was decreased (made harder) when the participant got two trials correct in a row, or increased (made easier) when the participant got one trial incorrect. A switch from descending coherence levels to ascending levels (or vice versa) constituted a response reversal. The staircase terminated after 50 trials or 10 response reversals, whichever occurred first. Stimulus coherence was adjusted in steps of 10% until three response reversals were reached, then steps decreased by half at each reversal until a minimum step of 1%. Response reversals at coherence values greater than 80% did not contribute to the step-size halving or staircase termination rules in order to prevent early mistakes from impacting the range of values reached by the staircase.
Participants completed eight trials of a practice staircase using the parameters Dx = 15 arcmin and Dt = 33 ms, then proceeded to the experimental conditions.
Data analysis
Coherence thresholds for each condition were determined by fitting a Weibull function to participants' responses using a maximum-likelihood minimization bootstrap procedure (Watson, 1979) then verified with a chi-square test for goodness of fit. A threshold was obtained by taking the coherence level at the slope of maximum inflection on the Weibull curve, which is at 82% correct for a two-alternative forced-choice task (Strasburger, 2001 ). Thresholds range between 0 (completely random motion) and 1 (completely coherent motion).
Each control child had data from the eye with poorer visual acuity assigned to be compared to the amblyopic eye of the patients, and the other served as a control for the fellow eye. Where the two eyes of control children had equal visual acuity, random assignment was used. To assess group differences between patients and controls, four separate analyses of variance (ANOVAs) were conducted. For each eye (amblyopic and fellow) at each Dt condition (17 ms and 50 ms), an ANOVA using the betweensubject factor group (patient, control) and the within-subjects factor Dx (1, 5, or 30 arcmin) was performed. Using estimates from our previous results (Meier & Giaschi, 2014) , with the current sample we had adequate power (b = 0.80) to detect a medium-sized (f = 0.27) main effect of group, a small (f = 0.16) main effect of Dx, and a small (f = 0.16) interaction between these factors. Degrees of freedom were corrected with a Huynh-Feldt adjustment where Mauchly's test indicated the assumption of sphericity had been violated (a = 0.25). Significant interactions were probed with a simple main effects analysis investigating the effect of group at each Dx.
To assess individual differences in patients with amblyopia, we examined differences between subtypes, as well as bivariate correlations between patients' number of elevated coherence thresholds and their visual acuity and stereoacuity scores. A patient was considered to have an elevated coherence threshold if it fell above the upper limit of the 95% confidence interval around the control group's mean performance in the amblyopic control eye. This was calculated for each condition separately, so a patient could have up to 12 elevated thresholds in total. For differences between subtypes, we had power to detect only a large effect size (f = 0.61) with our patient sample. To assess individual differences in the total number of elevated coherence thresholds, we had power to detect a medium-to-large effect (r = |0.41|).
Results
Participant characteristics
There was no difference between the patient and control groups on age, t(67) = 0.09, p = 0.93, or gender, t(67) = 0.67, p = 0.50. Eight children with amblyopia had no measureable stereopsis on the Randot Preschool Stereoacuity Test; the remaining 15 children had significantly worse stereoacuity (M = 217 arcsec, SD = 246) than the control children (M = 40 arcsec, SD = 3), t(14.0) = 2.78, p = 0.015. Visual acuity in the amblyopic eye of patients (M = 0.196 logMAR, SD = 0.128) was significantly worse than the control ''amblyopic" eyes (M = -0.068 logMAR, SD = 0.062; 2.6 line difference), t(27.3) = 9.38, p < 0.001. Visual acuity in the fellow eye of patients (M = À0.057 logMAR, SD = 0.089) was significantly different from the control ''fellow" eyes (M = À0.099, SD = 0.062; 0.4 line difference), t(31.3) = 1.91, p = 0.049, but still within the normal range (better than 20/20 Snellen, on average).
Global motion perception in children with amblyopia vs. controls
Coherence thresholds for the amblyopic eye of patients compared to one eye of controls are displayed in Fig. 1 . For the Dt = 17 ms condition, there was a main effect of group, F(1, 67) = 4.13, p = 0.046, f = 0.43; a main effect of Dx, F(2.0, 133.6) = 38.22, p < 0.001, f = 0.75; and a group by Dx interaction, F(2.0, 133.6) = 6.25, p = 0.003, f = 0.30. A simple main effects analysis probing the interaction revealed a main effect of group at the two smallest Dx, such that children with amblyopia had elevated coherence thresholds compared to controls: for 1 arcmin, F(1, 67) = 18.56, p < 0.001, d = 0.98; and for 5 arcmin, F(1, 67) = 4.65, p = 0.035, d = 0.54. There was no significant effect of group at Dx = 30 arcmin, F(1, 67) = 0.08, p = 0.79. Results for the Dt = 50 ms condition were similar: there was a main effect of group, F(1, 67) = 13.36, p = 0.001, f = 0.45; a main effect of Dx, F(1.8, 233.8) = 32.81, p < 0.001, f = 0.70; and a group by Dx interaction, F(1.8, 233.8) = 6.66, p = 0.002, f = 0.31. As before, there was a simple main effect of group for Dx = 1 arcmin, F(1, 67) = 16.23, p < 0.001, d = 0.93; and for 5 arcmin, F(1, 67) = 7.26, p = 0.009, d = 0.66; but no significant effect of group at 30 arcmin, F(1, 67) = 0.10, p = 0.75.
Coherence thresholds for the fellow eye of patients compared to controls are displayed in Fig. 2 . For the Dt = 17 ms condition, there was a significant effect of group, F(1, 67) = 4.13, p = 0.046, f = 0.25; a main effect of Dx, p < 0.001, f = 0.79; the effect of group was not significant, F(1, 67) = 2.54, p = 0.12, f = 0.19; nor was the group by Dx interaction, F(1.8, 123.0) = 0.64, p = 0.52, f = 0.10.
Children with amblyopia have poorer visual acuity in their amblyopic eye compared to control children, and it is possible that acuity, rather than amblyopia per se, may be driving elevated thresholds. To rule out this potential confound, we compared thresholds in children with amblyopia to a group of visual acuity-matched control children. Some of these control children had poor visual acuity; the acuity in the eyes selected for analysis (range = 0.025-0.400, M = 0.176 logMAR, SD = 0.119; 20/30 Snellen equivalent) was not significantly different from the amblyopic eyes of the patient group, t(44) = 0.57, p = 0.57, nor did they differ in mean age (M = 11.8 years old, SD = 3.0), t(44) = 1.45, p = 0.15. Our analysis focuses on the condition where patients demonstrated deficits with the largest effect size (Dt = 17 ms, Dx = 1 arcmin). Children with amblyopia had significantly elevated thresholds compared to the acuity-matched control children, t(44) = 3.41, p = 0.001, confirming that reduced acuity alone is not likely responsible for the elevated motion coherence thresholds. In fact, these acuity-matched control children had the same coherence thresholds (M = 0.31, SD = 0.14) as the control children with 0.1 logMAR or better acuity in the current study (M = 0.32, SD = 0.13), confirming that global motion perception is not affected by visual acuity, at least for the range of acuities tested here.
In summary, children with amblyopia demonstrated grouplevel deficits at 1 and 5 arcmin spatial offsets, but not at the 30 arcmin offset. In the amblyopic eye, this was true for both Dt values tested. This corresponds to amblyopic eye deficits for speeds of 1 and 5 deg/s (Dt = 17 ms) and 0.3 and 2 deg/s (Dt = 50 ms), but not speeds of 30 deg/s (Dt = 17 ms) or 10 deg/s (Dt = 50 ms). In the fellow eye, these deficits were only seen for the Dt = 17 ms condition (1 and 5 deg/s), but not the 50 ms condition (0.3 and 2 deg/s). Fig. 3 displays coherence thresholds for the amblyopic, fellow, and control eyes plotted as a function of speed. Two points are apparent from this graph: first, motion sensitivity is greatest at the medium displacement (Dx = 5 arcmin; 2 and 5 deg/s), regardless of speed. Second, the pattern of deficits in both Dt conditions is similar: at Dx = 1 arcmin, both eyes show elevated thresholds, with the amblyopic eye showing greater deficits than the fellow eye; at Dx = 5 arcmin, the magnitude of the amblyopic and fellow eye deficits is nearly identical. Thus, our lack of a significant effect for the fellow eye in the Dt = 50 ms condition likely reflects a lack of power to detect a significant interaction. At Dx = 30 arcmin, children with amblyopia perform the same as controls.
Clinical factors and deficits in global motion perception
Mean coherence thresholds by amblyopia subtype are displayed in Fig. 4 . Because there were only three children with anisostrabismic amblyopia, they were grouped with the strabismic amblyopia subtype. When coherence thresholds were averaged across the six conditions for each eye, there was no significant difference between the anisometropic amblyopia and the strabismic amblyopia groups for the amblyopic eye, t(21) = 1.12, p = 0.27, or the fellow eye, t(21) = 0.92, p = 0.38; nor were thresholds significantly different for any of the 12 conditions individually (all p = 0.27 or greater). Fig. 5 (top) shows the percentage of children in the amblyopia group with an elevated coherence threshold as a function of condition. The total number of elevated coherence thresholds in an individual child was taken as an indicator of deficit severity (Fig. 5  bottom) . Overall, children had between 0 and 11 total deficits (M = 5.0, SD = 3.5). There was no significant relationship between total number of deficits and whether a child had anisometropic or strabismic (including aniso-strabismic) amblyopia, t(21) = 1.29, p = 0.21.
To assess the relationship with stereoacuity, children with nonmeasureable acuity were assigned a value of 1600; there was no significant relationship between total number of deficits and stereoacuity scores on the Randot Preschool test, r(21) = À0.23, p = 0.30, including when subtype is controlled for, r(20) = À0.34, p = 0.12; nor was there a difference in mean number of deficits for the 8 children with no measurable stereoacuity vs. the 15 children with any measurable stereoacuity, t(19.33) = 1.88, p = 0.25.
Finally, indicators of greater depth of amblyopia were not associated with greater motion deficits: there was no significant correlation between total number of deficits and amblyopic eye logMAR visual acuity, r(21) = 0.01, p = 0.95, interocular visual acuity difference, r(21) = À0.24, p = 0.27, or total months of prescribed occlusion therapy in the 20 children who had completed treatment at the time of testing, r(18) = À0.15, p = 0.53.
Discussion
The current study varied the spatial and temporal displacement parameters in a global motion stimulus to determine the spatiotemporal pattern of motion deficits in children with amblyopia. Consistent with our hypothesis, we found that, compared to age-matched controls, children with amblyopia between 7 and 14 years old had elevated coherence thresholds for stimuli on which 5-year-olds were previously found to be immature (Dx = 1 and 5 arcmin; Meier & Giaschi, 2014) . Coherence thresholds for stimuli on which 5-year-olds showed adult-like performance (Dx = 30 arcmin) were within the typical range. This effect was seen at both Dt = 17 and 50 ms when patients viewed the stimuli with the amblyopic eye. In the fellow eye, this effect was seen in the Dt = 17 ms condition only. The lack of an effect in the fellow eye at Dt = 50 ms was possibly due to a lack of power (see Fig. 3 ). We found no consistent clinical predictors of the number of motion deficits observed in children with amblyopia.
Global motion perception in children with amblyopia vs. controls
We found that children with amblyopia demonstrated deficits in global motion perception for stimuli using small spatial displacements. This is also where young children show the greatest immaturities (Meier & Giaschi, 2014) . The current study extends Fig. 3 . Mean coherence thresholds for amblyopic eyes (AE), fellow eyes (FE), and control eyes (CE) plotted as a function of signal dot speed. For clarity, error bars have been omitted, but they are shown in Figs. 1 and 2 . Control data from the comparison to the amblyopic eye are plotted; control data for the fellow eye were similar.
the findings of Kiorpes et al. (2006) , who found motion sensitivity deficits at small spatial scales in macaques with anisometropic or strabismic amblyopia, to children. Similar to young typicallydeveloping macaques (Kiorpes & Movshon, 2004) , the amblyopic macaques demonstrated a motion sensitivity tuning curve in the amblyopic eye that was shifted to greater values of Dx.
El-Shamayleh, Kiorpes, Kohn, and Movshon (2010) assessed neural responses in MT to motion coherence stimuli in these macaques, and determined that this behavioral pattern was reflected in MT neuronal population responses. Compared to tuning curves for stimuli presented to the fellow eye, response magnitude for stimuli presented to the amblyopic eye was depressed and the peak was shifted towards faster speeds or coarser spatial scales. Similarly, Hou et al. (2008) assessed VEPs in adults with mild strabismic amblyopia in response to global motion for a range of Dx parameters, and found that compared to controls, the response curve tuning of the amblyopic eye was shifted to larger spatial displacements. Although psychophysical coherence thresholds were not assessed in their participants, this reduced cortical sensitivity likely translates into elevated coherence thresholds over a selective range of small spatial scales, in accordance with the current data. Given VEPs in young infants show maximal responses to large spatial displacements (Hou et al., 2009) , this is consistent with a deficit in aspects of visual function that mature later.
Aaen-Stockdale and have suggested that such a shift in sensitivity may arise, in part, from deficits in striate cortical areas that are frequency-selective, while an overall reduction in sensitivity is likely due to deficits in a broadband global motion integration mechanism that lies downstream of V1. In other words, the pattern of global motion deficits observed in amblyopia is determined in two independent stages: limitations at early stages of processing truncate the range of spatial displacements to which the amblyopic motion perception system is sensitive, and limitations at later stages of processing decrease the maximum sensitivity of the system. Consistent with this, Kiorpes et al. (2006) found the shift to larger spatial displacements in motion sensitivity was accompanied by similar shifts in the peak of the contrast sensitivity function in amblyopic macaques. Additionally, overall reductions in sensitivity were not strongly related for the two visual functions, suggesting the latter stage deficits are independent of contrast sensitivity. Later stages of global motion processing are likely to be not only independent of contrast sensitivity, but also of other motion tasks: deficits for other random-dot motion discrimination tasks (e.g., radial, rotational, maximum motion displacement, and motion-defined form) are not strongly correlated with deficits in translational global motion tasks ( We did not assess contrast sensitivity in the children with amblyopia in this study to determine whether such a relationship exists in our participants, but given that a reduction at high spatial frequencies is a characteristic feature of amblyopia (Bradley & Freeman, 1981; Hess & Howell, 1977; Levi & Harwerth, 1977) , it is quite possible the pattern of deficits observed here can be attributed to loss of sensitivity to high spatial frequencies in earlier stages of motion processing. If this is the case, this frequencyselective deficit observed for translational motion may persist in other motion tasks. For example, when slow speeds are defined by smaller spatial displacements, children with amblyopia show higher minimum speed thresholds (Giaschi et al., 1992; Ho et al., 2005) and have higher coherence thresholds at slower speeds (Hayward et al., 2011) compared to controls for motion-defined form discrimination tasks embedded in random dot noise. Children with amblyopia also show higher minimum speed thresholds in a single object-tracking task that does not involve noise. This speedtuning may not be independent across tasks, nor limited to tasks involving noise. We did not sample thresholds from a large enough spatio-temporal parameter space to comment on the overall reduction of motion sensitivity curves in children with amblyopia, but we predict a similar pattern to that of Kiorpes et al. (2006) .
We identified global motion deficits for both the amblyopic and fellow eye. Deficits in the fellow eye were attenuated, particularly at small spatial scales regardless of temporal scale (see Fig. 3 ). While Hou et al. (2008) found that the fellow eyes of observers showed a similar overall reduction in sensitivity compared to control eyes, fellow eyes did not show similar tuning shifts. This may help explain the smaller magnitude of fellow eye deficits, compared to amblyopic eye deficits, found in the current study. On the other hand, the fellow eye of children and adults with amblyopia can also show contrast sensitivity deficits, particularly at high spatial frequencies (Chatzistefanou et al., 2005; Leguire, Rogers, & Bremer, 1990; Lewis, Maurer, Tytla, Bowering, & Brent, 1992; Wali, Leguire, Rogers, & Bremer, 1991) , so if the shape of the motion sensitivity curve is limited by spatial frequency input to the fellow eye, it is not reflected in the fellow eye tuning curves of Hou et al. (2008) . The smaller magnitude of fellow eye deficits may also be attributed to a greater proportion of MT cells that are sensitive to fellow eye input. El-Shamayleh et al. (2010) found that while most cells are driven by the fellow eye, only about half of MT cells were driven by the amblyopic eye. In control macaques, nearly all MT cells can be driven by either eye (Kiorpes, Walton, O'Keefe, Movshon, & Lisberger, 1996; Maunsell & Van Essen, 1983) . Global motion integration mechanisms are binocular (Hess, Hutchinson, Ledgeway, & Mansouri, 2007) , so the deficits observed in both eyes of children with amblyopia likely reflect the abnormally monocular nature of MT responses following early disruption of binocular development.
Our results demonstrate that deficits in amblyopia may not be revealed by all global motion stimuli. Simmers et al., 2003 Simmers et al., , 2006 found global motion deficits in adults with amblyopia using Dx = 18 arcmin, Dt = 53 ms. The current study found deficits for displacements of Dx = 5, but not 30, arcmin. Taken together, these studies suggest stimuli with spatial displacements at least as small as 18 arcmin are sensitive enough to detect motion deficits. This may be, in part, a function of Dt. We previously found no global motion deficits in children with amblyopia using Dx = 7.6 arcmin (Ho et al., 2005 Wang et al., 2007) , but this used Dt = 107 ms to create a slow speed (1.2 deg/s). A temporal displacement this long was not tested in the current study. However, children show more mature performance in stimuli with longer Dt and the peak of the motion sensitivity curve shifts to smaller values of Dx with increases in Dt (Meier & Giaschi, 2014) , so it is possible the pattern of disruption in amblyopia shifts similarly with longer values of Dt.
Our results are potentially in conflict with those obtained by Knox et al. (2013) . Similar to the current study, the effects of spatio-temporal parameters of a random-dot global motion stimulus were assessed, by either holding Dx constant and varying Dt, or vice versa. While coherence thresholds of control and amblyopia groups were not directly compared at each combination of parameters, an analysis is possible from the data they provided in Table 2 (p. 62). Adults with amblyopia demonstrated no deficits when tested using Dx = 2.4 arcmin, Dt = 27 ms. Results from the current study would predict a deficit at this small displacement, highlighting that additional stimulus parameters may be impacting observed deficits in amblyopia. A salient difference between tasks is the larger dot size and sparser display used by Knox et al. (58 arcmin diameter, 0.19 dots/deg 2 ) compared to those employed in the current study (1 arcmin diameter, 1.1 dots/deg 2 ). While little work has directly compared the impact of these differences on motion coherence thresholds, decreased density and increased dot size may engage high-level feature tracking mechanisms in maximum motion displacement (Dmax) tasks (Sato, 1998; Smith & Ledgeway, 2001) , which may also depend on spatial displacement rather than speed (Baker & Braddick, 1985) .
Finally, the hallmark of amblyopia is reduced visual acuity in one eye, so it is possible that visual acuity, and not amblyopia per se, limits global motion perception. Consistent with this possibility, children with amblyopia showed deficits for stimuli with very small spatial displacements (1 and 5 arcmin). Though prior work has shown that motion deficits persist in amblyopia even when stimulus visibility is guaranteed (e.g., Constantinescu et al., 2005; Simmers et al., 2006) , the stimuli in the current study have not been controlled for visibility. While all but three of the patients who participated in the current study had completed occlusion therapy, mean visual acuity in the amblyopic eye was significantly worse than controls, and some patients with amblyopia showed poor acuity even after treatment (see Table 1 ). However, it is unlikely that poor visual acuity accounts for the deficits observed here, since children with amblyopia had global motion deficits in their fellow eyes with normal visual acuity. Moreover, children with amblyopia had significantly elevated coherence thresholds compared to a group of acuity-matched control children, who performed identical to their better-acuity peers. While this is the first direct comparison between patients and controls on global motion thresholds matched for visual acuity, the lack of effect of visual acuity on coherence thresholds is consistent with prior work (Chakraborty et al., 2015) . Similarly, coherence thresholds for global motion are unaffected by optical blur at least up to visual acuities as poor as 0.40 logMAR in adults wearing blurred lenses (Zwicker, Hoag, Edwards, Boden, & Giaschi, 2006) .
Clinical factors and deficits in global motion perception
We did not find any significant predictors of the total number of global motion deficits for each child. We assessed etiological subtype, evidence of binocularity, and indicators of depth of amblyopia. The data collected in amblyopic macaques (Kiorpes et al., 2006) would predict a greater deficit in strabismic amblyopia, particularly in the fellow eye, but this was not observed in the current data. Differences in performance by subtype were very small and not statistically significant, nor were they indicative of such a pattern. Simmers, Ledgeway, Hess, and McGraw (2003) and Simmers, Ledgeway, Mansouri, Hutchinson, and Hess (2006) found no difference in global motion thresholds for adults with strabismic or aniso-strabismic amblyopia; our results confirm this finding and extend it to children with anisometropic amblyopia as well. Similar to , we did not find a relationship between stereoacuity and number of motion perception deficits. Finally, the three indicators of depth of amblyopia we tested -amblyopic eye visual acuity, interocular visual acuity difference, and months spent undergoing occlusion therapy -did not predict motion deficits. It is possible that other indicators of depth of amblyopia, such as increased interocular suppression (Mansouri, Thompson, & Hess, 2008; Narasimhan, Harrison, & Giaschi, 2012) or a lack of coarse stereopsis (Giaschi, Lo, Narasimhan, Lyons, & Wilcox, 2013 ) may provide more direct or sensitive measures. Finally, it is possible that greater global motion perception deficits are not indicative of deeper amblyopia, but of differing down-stream effects following the impact of amblyopia. If this were the case, however, we might expect to see differences in subtype.
Most patients (87%) had completed occlusion therapy when they participated in this study, so these results largely reflect global motion processing in treated amblyopia. Few studies have examined the effect of occlusion therapy on global motion processes, so it is uncertain whether we should expect deficits in untreated children to be more severe. Treatment has been shown to improve minimum oscillatory motion displacement thresholds (Simmers, Gray, McGraw, & Winn, 1999) , with the greatest improvements occurring for patients with poorer initial thresholds, and not necessarily those showing the greatest recovery in other acuity measures. Deficits in motion-defined form and multiple object tracking persist even with improvements in visual acuity (Giaschi et al., 2015) . In line with this, our results do not show a relationship between deficits and visual acuity outcomes, suggesting that gains in visual acuity following treatment are not sufficient for alleviating motion integration deficits. On the other hand, contrast sensitivity functions in amblyopia improve with treatment (Wali et al., 1991) so we may expect a similar improvement in motion sensitivity, though not all children treated with occlusion therapy achieve normal contrast sensitivity in either the amblyopic or the fellow eye (Chatzistefanou et al., 2005) .
Conclusion
In summary, we found that children with amblyopia demonstrated deficits in global motion perception when assessed with stimuli employing smaller spatial displacements to create motion speed, but no deficits with stimuli using larger spatial displacements. This suggests that underlying Dx displacement parameters must be considered when studying speed-dependent deficits in motion perception. Because the same stimuli were previously shown to yield immature and mature performance, respectively, in a group of five-year-olds with normal vision, these findings are consistent with the notion that aspects of visual function that take longer to mature during development are more vulnerable to disruption by amblyopia. Finally, these results point to the importance of using motion stimuli that are sensitive enough to elicit deficits in amblyopia and other visual developmental disorders.
